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Artemia spp. is one of the most widespread saltwater organism suitable for ecotoxicity testing, but no
internationally standardised methods exist. Several endpoints can be considered with Artemia spp.
including short-term (24e48 h) and long-term (14 days) mortality, cysts and nauplii hatchability,
biomass productivity, biomarkers' expression/inhibition and bioaccumulation on larvae as well as or-
ganisms' reproductive ability. Recently, Artemia spp. started to be used as a reference biological model in
nanoecotoxicology with both inorganic and organic engineered nanomaterials (ENMs) also in combi-
nation with traditional environmental stressors looking for potential interactive effects. Criticisms were
detected about the use of Artemia spp. in relation to the hatching phase, the toxicity test design, the
occasional use only of reference toxicants and the way testing solution/suspensions were prepared thus
potentially compromising the reliability of nanoecotoxicological results. A full list of compulsory infor-
mation that must accompany Artemia nanoecotoxicity data is provided with positive feedbacks also for
other toxicity bioassays.
© 2014 Elsevier Ltd. All rights reserved.1. Introduction
Artemia salina is a zooplanktonic crustacean and is one of the
most widespread saltwater organism used in ecotoxicity testing. It
is present in a variety of seawater systems and is able to ﬁlter a large
amount of water per hour (Ates et al., 2013a,b,c). Bioassays can
involve the use of cysts or be dependent on animals cultured in the
laboratory. According to Nunes et al. (2006), cysts based assays are
cheap, simple and reliable in routine screening, whereas cultured
organisms can be more suited for basic scientiﬁc research because
of their low genetic variability and thus homogeneity. Several
endpoints can be considered with Artemia spp. including short-
term (24e48 h) (Vanhaecke and Persoone, 1981.) and long-term
(14 days) (Manfra et al., 2012) mortality, cysts and nauplii hatch-
ability, growth of biomass production inhibition, including behav-
ioural (such as swimming speed alteration) (Gambardella et al.,
2014) and biomarker related ones (e.g. enzyme expression or in-
hibition, oxygen consumption rate) and reproductive ability (Nunes
et al., 2006). Artemia spp. has been greatly used in ecotoxicological
testing because of its adaptability to a wide range of salinitiestics and Statistics, University
122, Venice, Italy. Tel.: þ39(5e300 g/L) and temperatures (6e40 C) (USEPA, 2002), consid-
ering mortality and growth as the main endpoints (Sarabia et al.,
1998). Artemia spp. has a short life cycle, high ﬂexibility to
adverse environmental conditions, high fecundity, bisexual/
parthenogenetic reproduction strategy, small body size and
adaptability to varied nutrient resources as it is a non-selective
ﬁlter-feeder (Nunes et al., 2006). As such, these characteristics
should make Artemia spp. as a really suitable organism for eco-
toxicity testing, but several criticisms about its sensitivity have
been presented according to a leaning-by-doing approach. The
sensitivity towards a wide range of substances is really lower than
that of other species, so that the possibility to underestimate po-
tential effects may occur. Artemia spp. showed to be less sensitive
than Streptocephalus rubricatus and Streptocephalus texanus
(Crisinel et al., 1994), Echinometra lucunter, Crassostrea rhizophorae
(Nascimento et al., 2000) and C. gigas (Libralato et al., 2007), Sele-
nastrum capricornutum and Dunaliella tertiolecta (Gaggi et al., 1994),
Vibrio ﬁscheri, Daphnia magna and Brachionus plicatilis (Guerra,
2001), Daphnia similis (Silva et al., 2004), Paracentrotus lividus
(Fichet et al., 1998), Daphnia pulex and Thamnocephalus platyurus
(Nunes et al., 2006), and Spirostomum ambiguum and Tetrahymena
thermophila (Nalecz-Jawecki et al., 2003). Other criticisms could be
related to the use of cysts (Migliore et al., 1997) and cyst-hatched
nauplii (Persoone and Wells, 1987) of Artemia for testing pur-
poses that could introduce some variability in test results.
Indeed, in the genus Artemia there is no cyclic bisexual versus
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generally on a seasonal basis, but cysts production may reﬂect the
occurrence of genetic variation to increase adaptability; it is evident
that genetic variability is not a desirable condition for ecotoxicity
assays (Nunes et al., 2006). At the international level, the use of
Artemia spp. in toxicity testing is subjected to a broad discussion
with supporters and detractors (Nunes et al., 2006).
Recently, Artemia spp. has started to be used as a biological
model in nanoecotoxicology. The aim of this paper is to review the
existing approaches highlighting the main limits and criticisms in
the investigation of engineered nanomaterials (ENMs) effects.
Suggestions aremade about the basic information to be provided to
strengthen data quality and reliability in the perspective of future
hazard and risk assessment.
1.1. Artemia spp. and nanoecotoxicology
Currently, sixteen papers about Artemia spp. and nanoparticles
are available considering inorganic (n ¼ 10), organic (n ¼ 1) and
mixtures (n ¼ 5) of ENMs and other chemicals. They included C60
and 17a-ethinylestradiol (single substances and binary mixtures)
(Park et al., 2010), nPb (Cornejo-Garrido et al., 2011), single walled
carbon nanotubes (SWCNTs) associated with N-octyl-O-sulphate
chitosan (Fatouros et al., 2011), C60 and nTiO2 (Rajasree et al., 2011),
bare and silica-encapsulated magnetic nanoparticles (Ashtari et al.,
2012), nAg (Kumar et al., 2012), uncoated a-Al2O3 and g-Al2O3 (Ates
et al., 2013a), nZn and nZnO (Ates et al., 2013b), nTiO2 (Ates et al.,
2013c), carbon black Printex XE2, multi-walled carbon nanotubes
(MWCNTs), molybdenum compound nanowires and molybdenum
oxide nanowires (Baumerte et al., 2013), nAg coupled with squilla
chitosan, cephadrin and piperacillin (Gohar et al., 2013), nAu
(Karthik et al., 2013), nAg (Arulvasu et al., 2014), nano-SnO2, nano-
CeO2 and nano-Fe3O4 (Gambardella et al., 2014), pristine graphene
and pristine graphene monolayer ﬂakes and graphene nano-
powder grade (Pretti et al., 2014) and nAg and nAu (Vijayan et al.,
2014).
All papers focused to the genus Artemia, including A. salina
(Ates et al., 2012) or Artemia franciscana (Minetto et al., 2014).
They were reviewed for methodological aspects in ascending
chronological order adopting a step-by-step approach from the
purchase/production of cysts to the ﬁnal expression of toxicity
data.
Park et al. (2010) studied the bioavailability of 17a-ethinyles-
tradiol (EE2) in male adult Danio rerio exposed through the diet to
Artemia spp. accumulating nC60, EE2 and a mixture of nC60 and EE2
within their gastrointestinal tract. Thus the accumulation and
quantiﬁcation of nC60 in Artemia spp. were investigated as well.
Cysts (6.8 g) of grade A brine shrimp eggs (Brine shrimp direct,
Ogden, UT, USA) were hatched in 1 L saltwater (15 g/L of Instant
Ocean®) for 24 h at an unspeciﬁed hatching temperature. After
hatching, nauplii were transferred to 100 mL of brackish water.
Stock suspension of C60 (600 mgC60/900 mL of MilliQ water) and
solution of EE2 (10 mg/L) using ethanol as carrier were prepared by
continuous long-term stirring (6 months) and protected from light.
Nauplii were contaminated spiking the living medium starting
from stock suspensions. Spiked brine shrimps were rinsed several
times with deionised water prior to feeding D. rerio. Positive con-
trols were not mentioned. Exposure temperature and light and
feeding regimes of nauplii during the spiking period were missing.
Artemia spp. larvae showed to rapidly accumulate nC60 in the
gastrointestinal tract already after 30 min of exposure. The accu-
mulation of nC60 in brine shrimps after 2 h was seven-fold greater
starting from a 10% v/v nC60 suspension rather than a 2% one. Fishes
fed with EE2 spiked Artemia spp. showed the highest expression of
vtg1A/B, whereas no signiﬁcant changes (p < 0.05) were detectedbetween the controls and nC60 or the mixture of nC60 and EE2
treatments.
Fatouros et al. (2011) assessed the potential toxicity of SWCNTs
stabilised by alkyl-sulphate chitosan derivatives of different mo-
lecular weights with A. salina. Cysts from NT Labs (UK) were
incubated in artiﬁcial seawater (Tropic Marin, Wartenberg, Ger-
many) at 27 C for 24 h with constant lighting until hatching. Be-
tween 20 and 25 nauplii in triplicatewere exposed in 10mL volume
composed of 0.02 mL of phosphate buffer solution and 0.98 mL of
N-octyl-O-sulphate chitosan (NOSC) associated to SWCNTs for 24 h
at 27 C; 48-well plateswere used as incubation vessels. Besides the
effects of NOSC (100, 200 and 300 mg/L) and microwave puriﬁed
SWCNTs (100 mg/L) alone were considered as well. Changes in
temperature and water composition were introduced compared to
the declared reference protocol (Vanhaecke et al., 1981). Artemia
larvae were counted by the use of a stereoscope. NOSC and SWCNTs
alone showed no effects on the viability of nauplii. Authors
observed that NOSC-SWCNTs were uptaken by brine shrimps and
subsequently excreted in the form of “enveloped dark rod-like
structures” without compromising their general mobility. Nega-
tive and positive controls were not clearly mentioned.
Cornejo-Garrido et al. (2011) investigated the acute toxicity
induced by nano-sized lead in aqueous suspensions on A. salina
mortality according to Petrobras (1996). Brine-shrimp cysts ob-
tained from a pet shop were hatched in Petri dishes containing
artiﬁcial seawater (3.7% w/v) from Instant Ocean® marine salts
dissolved in deionised water (pH ¼ 8); cysts were incubated at
25 ± 1 C for 48 h. Nauplii were separated from their shells and the
remaining cysts, and transferred to freshly-prepared seawater with
a Pasteur pipette. Bioassays were carried on in 96-well culture
plates. Ten larvae were hosted in 0.1 mL of artiﬁcial seawater.
Suspensions were prepared in deionised water and added (0.1 mL)
to the wells containing A. salina, but the ﬁnal exposure salinity was
not veriﬁed. Negative (seawater) and positive (K2Cr2O7) controls
were included. The percentage of larvae mortality was checked
after 24 h contact time. Results evidenced that A. salina swallowed
lead nanoparticles, but they did not cause mortality.
Rajasree et al. (2011) examined the acute lethal effect of nC60
and nTiO2 on A. salina considering various larval stages: 1st Instar,
2nd Instar, zoea and metanauplii. Suspensions of nC60 and nTiO2
were prepared according to Lovern and Klaper (2006) and
Oberdorster (2004) via sonication and ﬁltration. For each test about
100 mg of cysts were incubated in 100 mL of seawater (35%) at
27 ± 1 C in a cylinder-conical tube with lateral illumination of
500e100 lux keeping them in suspension by gentle aeration.
Seawater prior to use was ﬁltered at 0.2 mm at checked for pH
(7.5 ± 0.5) and a minimum oxygen content (90% saturation). Ten
larvae at various developmental stages (1st Instar, 2nd Instar, zoea
andmetanauplii) were exposed in 10 mL at 27 ± 1 C for 1, 6, 12, 24,
36, 48 and 96 h to test suspensions. Larvae were exposed to 40, 180,
260, 350, 440, 510, 700 and 880 mg ﬁltered nC60/L, to 0.5, 1, 2, 4, 5, 6,
7, 8, 9 and 10 mg sonicated nC60/L, to 0.2, 1, 1.2, 2.5, 3.6, and 10.1 mg
ﬁltered nTiO2/L and to 50,100,150, 200, 250, 300, 350, 400, 450 and
50 mg sonicated nTiO2/L. Larvae were not fed during bioassays. No
reference was made to a standardised protocol. Suspensions pre-
pared via ﬁltration showed higher toxicity levels than sonicated
ones. The toxicity effects increased at subsequent developmental
stages due to the fact that organisms feed themselves more vora-
ciously. Apart from mortality, some sub-lethal responses were
highlighted such as fast erratic movements with animals unable to
move for prolonged periods potentially playing a role in increasing
the predation risk. Negative and positive controls were not
mentioned.
Ashtari et al. (2012) assessed the potential acute lethal toxicity
of bare and silica-encapsulated magnetic nanoparticles using
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from the Aquatic Animals Research Center of Urmia University
(Urmia, Iran). Larvae were hatched in a bottle containing unspeci-
ﬁed artiﬁcial seawater (38 g/L) for 28e30 h at room temperature.
The experimental design included 10, 100 and 1000 mg/L of mag-
netic nanoparticles exposing ten nauplii per concentration. Testing
vials were put horizontally on a shaker at 8 rpm for better aeration.
Larvaemortality was checked after 24 h. Negative controls were not
mentioned while gallic acid was used as reference toxicant
(EC50 ¼ 20 mg/L). Authors concluded that both the bare and silica-
encapsulated magnetic nanoparticles had no signiﬁcant toxicity on
brine shrimps. The paper did not explain hatching and exposure
temperatures, seawater characteristics and source, treatment of
suspensions before the exposure, if any, and how the dynamic
exposure regime (i.e. shaking vials for better aeration) inﬂuenced
results (i.e. nanoparticle aggregation) rather than static conditions.
Kumar et al. (2012) assessed the effects of silver nanoparticles
biosynthesised from extracts of Sargassum ilicifolium by A. salina
mortality test. Nanoparticles were produced from 100 mL of ﬁltrate
(Whatman n. 1) (100 mg seaweed boiled at 80 C in 100 mL of
deionised water) and 0.1 mL of 1 M AgNO3 solution. Nanoparticles
were characterised by scanning electron microscope (SEM) and
transmission electron microscope (TEM). Brine shrimp cysts were
purchased by an unspeciﬁed purchaser and hatched (1 g in 1 L) in
artiﬁcial saltwater (3.2 g of NaCl in 100 mL) for 48 h at 22e29 C.
After hatching, active nauplii were collected without distinguishing
between Instar I and II larvae in order to perform the test. The
exposure occurred in 2mL vials in the darkwith a 24 h contact time
considering suspensions containing 10, 20, 30, 40, 50, 60, 70, 80, 90
and 100 nM of silver nanoparticles. No information is available
about suspension preparation. The number of nauplii exposed per
replicate and the number of replicates were missing. Negative
controls with and without seaweed extracts were carried on. Pos-
itive controls with reference toxicants were not mentioned. Silver
nanoparticles mortality as LC50 was about 1.08 mg/L.
Ates et al. (2013a) investigated the potential difference in the
effect of uncoated a-Al2O3 and g-Al2O3 nanoparticles of two sizes
for both substances (50 nm and 3.5 mm and 5 nm and 0.4 mm,
respectively). A. salina as reference biological model was consid-
ered for uptake, toxicity and depuration of nanoparticles after 24 h
and 96 h exposure time. Suspensions from nanomaterials stored at
room temperature were prepared in MilliQ water at a stock con-
centration of 20% w/v. They were vortexed (20 s at 2000 rpm) and
ultra-sonicated (bath sonicator for 10 min). A magnetic stirrer was
used to prevent their settlement while transferring aliquots to
testing vessels already containing testing organisms. Artemia cysts
(Artemia International LLC. Houston, TX, USA) were kept at 4 C in a
moisture-free container. Cysts were hatched in artiﬁcial seawater
(3% m/v) (instant Ocean®, 24 h aeration and ﬁltration at 30 mm
Millipore cellulose ﬁlters) according to Persoone et al. (1989).
Brieﬂy, cysts were hydrated in distilled water at 4 C for 12 h and
washed to separate the ﬂoating ones from those sinking. The
sinking cysts were collected on a Buckner funnel and washed with
cold deionised water. About 3 g of pre-cleaned cysts were incu-
bated for hatching in 1.5 L of seawater for 24 h at 30 ± 1 C and 1500
lux providing aeration from the bottom of the hatching device.
Experiments with Artemia nauplii included the exposure to 5,10, 50
and 100 mg/L of both a-Al2O3 and g-Al2O3 nanoparticles. Toxicity
tests were carried on according OECD (2004) that is the D. magna
immobilisation test. Negative controls were included, but positive
ones were not mentioned. Exposures occurred in 500 mL of
seawater with aeration provided from the bottom of the conical
ﬂask to prevent settling of nanoparticles (2.9e3%m/v salinity, light:
dark regime 16: 8 h, water temperature 24 ± 2 C and pH 7.6e8.8).
Organisms were not fed during the tests. The number of larvaeexposed counted under magniﬁcation lens after sequential di-
lutions before exposure was in the range 12.9e16.1  103. Batches
of Artemia were analysed (a) to elucidate nanoparticles deposition
at the end of the exposure period by phase contrast microscope, (b)
to determine their total uptake and depuration levels after acid
digestion by inductively coupled plasmamass spectrometry and (c)
oxidative stress (lipid peroxidation) by the malondialdehyde assay.
Larvae accumulated both aluminium nano-oxides to high levels,
but a limited amount of themicro-sized ones. No acute 24 h toxicity
was found, but mortality and lipid peroxidation increased after 96 h
exposure. The conclusion is that both nano-oxides showed a mar-
ginal acute toxicity to Artemia that is mediated by oxidative stress
after prolonged exposure periods.
Ates et al. (2013b) used the same procedures described in Ates
et al. (2013a) to evaluate the impact of Zn and ZnO nanoparticles
(10, 50 and 100 mg/L) on A. salina considering both the effect of
particle size and solubility on toxicity. Results evidenced that Zn
nanoparticles were more toxic than ZnO nanoparticles in similar
exposure conditions. The effects were mainly related to the greater
amount of Znþ released from Zn nanoparticles. Moreover, the size
showed to contribute to the observed toxicities. Smaller Zn nano-
particles (40e60 nm) were more toxic than larger ones
(80e100 nm), like 10e30 nm ZnO nanoparticles compared to
200 nm ones. Lipid peroxidation presented the highest levels after
96 h exposure.
Ates et al. (2013c) used the same procedures described in Ates
et al. (2013a) to evaluate the impact of nTiO2 (10, 50 and 100 mg/
L) on A. salina. Nanoparticles showed to aggregate in saltwater to
form microscale particles, but they had no effect on accumulation.
Indeed, nauplii and adults accumulated the microscale aggregates
in their gut within 24 h of exposure. No signiﬁcant mortality was
observed after 24 h exposure. Oxidative stress effects with slight
mortality were observed after 96 h contact time due to the accu-
mulation of nanoparticles in the gut cavity leading to starvation.
Anyhow, authors stated that no food was provided during the
exposure period so that the starvation was effective anyway.
Baumerte et al. (2013) assessed carbon black (CB) Printex XE2,
MWCNTs, molybdenum compound nanowires and molybdenum
oxide nanowires effects using acute A. salina toxicity. The Artoxkit
M™ method was taken into consideration, but keeping water
salinity next to the one of Baltic Sea (15‰). Larvae were hatched
from dormant cysts at 25 C for 36e48 h until Instar II stage.
Exposure occurred in 24-well plates (3 mL) considering 6 replicates
and 10 organisms per replicate at 20 ± 1 C. Lethality was observed
after 24 h and 48 h. The exposure scenarios were not clearly
elucidated in the paper. After 48 h at 10 mg/L the toxicity was
CB < MWCNT and molybdenum oxide < molybdenum compound.
None of the particles caused signiﬁcant effects to A. salina after 24 h.
Gohar et al. (2013) veriﬁed the toxicity of unspeciﬁed silver
nanoparticles coupled with squilla chitosan, cephadrin and piper-
acillin against A. salina. No information was available about the
source of cysts. The testing mixture was prepared in dime-
thylsulfoxide (DMSO) considering a 1:1:1:1 ratio and investigated
in triplicate for potential acute lethal effects after 24 h of contact
time at 2500, 2700, 2900, 3000, 3500, 3700, 4000 and 5000 mg/L
exposing ten nauplii per replicate. Unspeciﬁed brackish water was
used for both dilution water and negative controls; DMSO was
veriﬁed to be non-toxic up to ten times the used concentrations.
Other positive controls were not mentioned. The mixture EC50 was
found between 3000 and 3500 mg/L. The paper did not provide
hatching and exposure temperatures, seawater characteristics and
the source and the procedure of preparation of suspensions before
the exposure.
Karthik et al. (2013) studied the effect of gold nanoparticles. No
information is available about testing organisms and exposure
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ing to Amat (1985) with unspeciﬁed minor modiﬁcations. Artemia
showed no mortality up to 8 mg/L of gold nanoparticles. Negative
and positive controls were not mentioned.
Arulvasu et al. (2014) assessed the toxicity effect of silver
nanoparticles with Artemia spp. brine shrimps collected from salt
pan of Kelambakkam (Chennai, India) using a 150e200 mm mesh
net. Water cleaned cysts were dried on absorbing paper for one
night before decapsulation in sodium hypochlorite without
affecting the viability of the embryos. About 2 g of cleaned
decapsulated cysts were incubated in 2 L of seawater in a conical
plastic container at 30 ± 1 C and 1500 lux providing aeration from
the bottom of the hatching device. Under these conditions, cysts
hatched after 24 h. Artemia nauplii with less than 24 h were
exposed for 24 h and 48 h monitoring growth, viability and mor-
tality under intermittent ﬂow-through conditions. Negative con-
trols were included, but positive controls were not mentioned.
Bioassays were carried on in 12-well plates in 2 mL of seawater
(33‰) exposing 10 nauplii per replicate. Larvae were exposed to 2,
4, 6, 8, 10 and 12 nM of silver nanoparticles in triplicate. The
experimental setup aged 24 h in darkness before the addition of
nauplii with no speciﬁcations about the storage temperature.
Hatched larvae after exposure were checked for (a) mortality, (b)
morphological variations compared to the control, (c) apoptosis
with acrinidine orange staining and (d) DNA damage with Comet
assay. Results evidenced that nauplii guts were ﬁlled with silver
nanoparticles aggregates causing signiﬁcant mortality after 24 h of
exposure. After 48 h of exposure, mortality signiﬁcantly increased.
Moreover, it was evidenced that hatchability was inversely corre-
lated to nano-silver concentration. The authors reported that “these
effects weremost likely due to the lack of food uptake”, but they did
not apparently supply any food to the testing organisms during the
test. Indeed, it is not required to supply food to Artemia spp. for
acute toxicity test (24e48 h) (APAT and IRSA-CNR, 2003; Artoxkit
M™ method), but only for short-term acute (96 h) or long-term
acute ones (14 days) (Manfra et al., 2012). Arulvasu et al. (2014)
reported that at exposure concentrations greater than 2 nM the
gut region started to be interested to nano-silver accumulation
being completely ﬁlled at 12 nM inducing tissue degradation. Au-
thors evidenced that apoptosis induced by silver nanoparticles
signiﬁcantly increased with exposure concentration as well as DNA
damage that reached about 48% only at 12 nM of silver
nanoparticles.
Gambardella et al. (2014) investigated the toxicity of nano-
SnO2, nano-CeO2 and nano-Fe3O4 on the shrimp A. salina
considering mortality (48 h) and behavioural (swimming speed
alteration) and biochemical responses (enzymatic activities of
cholinesterase, glutathiose-S-transferase and catalase). Commer-
cially available dehydrated cysts of A. salina (500 mg) were
incubated for 24 h at 28 C under 16 h light, 8 h dark conditions
and continuous aeration of the cysts suspension in seawater (37%
salinity) to obtain Instar I larvae. Hatched larvae were separated
by non-hatched ones and isolated in a beaker containing ﬁltered
natural seawater prior to testing. The toxicity tests were per-
formed with 10e15 larvae in 24-well polystyrene plates exposed
in triplicate to 1 mL of metal oxide nanoparticles (0.01, 0.1 and
1 mg/L). After 48 h of exposure, larvae were collected, rinsed and
transferred into new plates with ﬁltered seawater thus starting
the determination of the various endpoints. Negative controls
were included, but no positive control was mentioned. Suspen-
sions were prepared from stock solutions of 1 g/L in 0.22 mm
ﬁltered natural seawater that were sonicated for 15 min at 100 W
using a 50% on/off cycle in an ice bath. Results evidenced that
metal oxide nanoparticles did not induce signiﬁcant mortality
effects in the investigated exposure range, but accumulated in thegut and determined detectable behavioural and biochemical
changes.
Pretti et al. (2014) studied the ecotoxicity of pristine not-
functionalised graphene (pristine graphene (PF), pristine gra-
phene monolayer ﬂakes (PGMF) and graphene nano-powder grade
C1 (GNC1)) on A. salina (24 h). Toxicity tests were carried on ac-
cording to Vanhaecke and Persoone (1981). Batches of ﬁve nauplii
were exposed to treatments into Petri dishes (0.625e10 mg/L)
incubated at 25 C in the darkness for 24 h under gentle shaking
(80 rpm). Mortality was assessed by light microscopy and
expressed as percentage. Positive controls were carried on with
potassium dichromate. Three independent experiments were per-
formed. Besides mortality, A. salina was tested after 48 h exposure
for oxidative stress, lipid peroxidation, and total glutathione
peroxidase and catalase activity. Tests in triplicate with about 2000
nauplii per replicate were performed at 20 ± 1 C under a photo-
period of 16 h light/8 h darkness (Nunes et al., 2006). All exposure
experiments were carried on under stirring and the use of
dispersing agents was avoided. Natural seawater (35 g/L salinity)
was oxygen saturated and ﬁltered at 0.21 mm. All ENMs showed
signiﬁcant biomarker-related effects compared to the controls at
the highest exposure concentrations, but no acute toxicity was
found.
Vijayan et al. (2014) assessed the effect of silver and gold
nanoparticles against A. salina mortality (24 h). They were bio-
synthesised from the aqueous seaweed extract of Turbinaria con-
oides collected from the wild to be used in antifouling paints.
Nanoparticles were produced separately from the authors using
aqueous solutions of AgNO3 and HAuCl4 3H2O and the aqueous
ﬁltrate (Whatman n. 1 ﬁlter) of 5 g of seaweed powder boiled in
100mL of sterile deionised water. Nanoparticles were characterised
using ﬁeld emission scanning electron microscopy (FESEM)
equipped with energy dispersive X-ray spectroscopy (EDX) as well
as with high-resolution transmission electron microscopy (HR-
TEM). Brine shrimp cysts were hatched according to Harwig and
Scott (1971). The toxicity test included several exposure concen-
trations e 40, 60, 80, 100, 120, 140 and 160 mg/L e for both
nanoparticles. Exposures occurred in 24-well plates containing
1 mL of sterilised seawater with no indications about how nano-
particles were added as well as the ﬁnal testing volume. Ten nauplii
per well were exposed for 24 h at 25 C, but the number of repli-
cates was not reported as well as the light exposure condition and
feeding regime. Negative controls were included, but no positive
control was mentioned. Silver nanoparticles mortality was found to
be proportional to increasing exposure concentrations
(LC50 ¼ 89 ± 5 mL/mL). No ecotoxicological data were reported
about gold nanoparticles.
2. Discussion
In most of the cases, papers referred to a different protocol or,
sometimes, they just did not mention it. This suggests the existence
of several approaches that could not present common actions. The
most cited testing methods chronologically ordered belong to
Michael et al. (1956), Harwig and Scott (1971), Sorgloos et al.
(1978), Vanhaecke et al. (1981), Vanhaecke and Persoone (1981),
Persoone and Wells (1987), Solis et al. (1993), Petrobras (1996),
APAT & IRSA-CNR (2003), Libralato et al. (2007), Manfra et al.
(2012), Artoxkit® (2014), Gambardella et al. (2014). It is evident that
the absence of a standardised method (ISO, ASTM or OECD) to refer
to with Artemia spp. in nanoecotoxicology is a main gap that should
be ﬁlled as soon as possible to make Artemia spp. an ofﬁcial stan-
dard biological model. All the mentioned approaches present from
minor to major changes in at least one of the phase sequence
test procedure including all materials in general (saltwater
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of nauplii or adults (such as the number of exposed organisms). A
full revision of these protocols, that is not possible in the present
paper, will be essential to elucidate themain gaps and limits of each
procedure in order to formulate a proposal for a standard protocol
to be included in an international round-robin intercalibration
experiment for validation and standardisation. Since this is not
accomplished, authors should provide in very detail how they carry
on their experiments. Actually, Soares et al. (1992) stated that
several factors can alter the reliability of results in ecotoxicity
testing such as the environmental conditions both related to non-
genetic factors (i.e. temperature, pH and chemical composition of
the hatching and exposure medium, oxygen, photoperiod and nu-
trients) as well as to their genetic characteristics (origin of the batch
of cysts). Indeed, it is compulsory to reduce the variability as a
fundamental requirement in ecotoxicity testing (Nunes et al.,
2006).
The main criticisms about the use of Artemia spp. in nano-
ecotoxicology within the present literature revision process were
detected during the hatching phase and the toxicity test design, and
the way testing solution/suspensions were prepared. About the
hatching phase, it was noticed that the following information are
missing or incomplete:
- The origin of cysts and their storage/maintenance conditions;
- The characteristics of saltwater and its treatments (e.g. ﬁltra-
tion); if it is natural seawater the sampling point is frequently
not reported; if it is artiﬁcial seawater its brand or composition
could be not clearly displayed;
- The water oxygen saturation, pH and conductibility as well as
the hatching temperature and time, and the photoperiod
duration;
- The indication of larval stage exposed to suspensions (e.g. Instar
I after 24 h hatching of cysts); indeed, sensitivity may change on
the basis of the exposed larval stage.
Moreover, the experimental design did not always show the
tested concentrations, the number of replicates per suspension and
the number of organisms exposed per replicate. Sometimes, the
ﬁnal suspension volume where nauplii are exposed resulted un-
known like the total contact time and the test reading frequency.
Little data were also provided for exposure temperature, photo-
period and larvae feeding regime. The gap analysis evidenced that
most papers included the assessment of negative controls (i.e.
hatching and dilution water) and/or dispersing agents/carriers ef-
fects. Anyhow, just very few ones accounted for positive controls to
check the sensitivity of larvae at the exposure conditions against
one or more reference toxicants. Positive controls are essential to
obtain reliable toxicity data facilitating their use in comparative
analyses and clarifying the sensitivity of various brine shrimp
population genetic characteristics.
Another hot point is about the preparation of nanoparticles
suspensions. No speciﬁcations are available about ageing (the
time interval between the time of suspension preparation and the
beginning of the test), storage and way of dispersion that are
really very sensitive tasks to be accomplished to allow toxicity
data to be used in hazard and risk assessment as also recently
stated by OECD (2014). Currently, no speculation is possible about
the use Artemia spp. in nanoecotoxicology. The available data
cannot help to support or detract such a biological model. Any-
way, as they are organised in the present review, they can
contribute to effectively understand which information must be
compulsorily provided in a scientiﬁc paper in order to make them
usable such as in toxicity ranking activities or hazard assessment
of ENMs.3. Conclusions
Artemia spp. might be a suitable biological model in nano-
ecotoxicology, at least for screening purposes due to its cost-
effectiveness, but a lot of gaps into the knowledge still exist.
Several protocols and unspeciﬁed approaches have been used with
various hatching and exposure procedures. It is strongly required
the harmonisation of protocols followed by a standardisation ac-
tivity. In the meanwhile, authors should provide a full description
of their nanoecotoxicological activity with Artemia spp. in order to
sufﬁciently elucidate their test preparation and exposure condi-
tions. At the moment, only few nanoecotoxicity data originated
from common exposure scenarios thus limiting their use for hazard
and risk assessment.
Acknowledgements
The research leading to these results has received funding from
the European Union's Seventh Framework Programme (FP7/
2007e2013) under grant agreement no. 263147 (NanoValid e
Development of reference methods for hazard identiﬁcation, risk
assessment and life cycle assessment of engineered nanomaterials).
References
Amat, F., 1985. Utilizacion de Artemia en acuicultura. Informes tecnicos del Instituto
de Investigaciones Pesqueras. Instituto de Investigaciones Pesqueras, Barcelona,
pp. 128e129.
APAT and IRSA-CNR, 2003. Analytical Methods for Waters. Report 29.
Arulvasu, C., Jennifer, S.M., Prabhu, D., Chandhirasekar, D., 2014. Toxicity effect of
silver nanoparticles in brine shrimp artemia. Sci. World J. 2014 http://
dx.doi.org/10.1155/2014/256919. article ID 256919.
Artoxkit®, 2014. http://www.microbiotests.be/toxkits/artoxkit.pdf. (MicroBioTest,
28th April 2014).
Ashtari, K., Khajeh, K., Fasihi, J., Ashtari, P., Ramazani, A., Vali, 2012. H. Silica-
encapsulated magnetic nanoparticles: enzyme immobilization and cytotoxic
study. Int. J. Biol. Macromol. 50, 1063e1069.
Ates, M., Daniels, J., Arslan, Z., Farah, I.O., 2012. Effects of aqueous suspensions of
titanium dioxide nanoparticles on Artemia salina: assessment of nanoparticle
aggregation, accumulation, and toxicity. Environ. Monit. Assess. 185 (4),
3339e3348.
Ates, M., Demir, V., Arslan, Z., Daniels, J., Farah, I.O., Bogatu, C., 2013a. Evaluation of
alpha and g aluminum oxide nanoparticle accumulation, toxicity, and depu-
ration in Artemia salina larvae. Environ. Toxicol. http://dx.doi.org/10.1002/
tox.21917.
Ates, M., Daniels, J., Arslan, Z., Farah, I.O., Rivera, H.F., 2013b. Comparative evaluation
of impact of Zn and ZnO nanoparticles on brine shrimp (Artemia salina) larvae:
effects of particle size and solubility on toxicity. Environ. Sci. Process. Impacts
15, 225e233.
Ates, M., Daniels, J., Arslan, Z., Farah, I.O., 2013c. Effects of aqueous suspensions of
titanium dioxide nanoparticles on Artemia salina: assessment of nanoparticle
aggregation, accumulation, and toxicity. Environ. Monit. Assess. 185,
3339e3348.
Baumerte, A., Sakale, G., Zavickis, J., Putna, I., Balode, M., Mrzel, A., Knite, M., 2013.
Comparison of effects on crustaceans: carbon nanoparticles and molybdenum
compounds nanowires. J. Phys. Conf. Ser. 429.
Cornejo-Garrido, H., Kibanova, D., Nieto-Camacho, A., Guzman, J., Ramírez-Apan, T.,
Fernandez-Lomelín, P., Gardu~no, M.L., Cervini-Silva, J., 2011. Oxidative stress,
cytoxicity, and cell mortality induced by nano-sized lead in aqueous suspen-
sions. Chemosphere 84, 1329e1335.
Crisinel, A., Delaunay, L., Rossel, D., Tarradellas, J., Meyer, H., Saiah, H., Vogel, P.,
Delisle, C., Blaise, C., Hansen, P.D., 1994. Cyst-based ecotoxicity test using
Anostracans: comparison of two species of Streptocephalus. Environ. Toxicol.
Water Qual. 9, 317.
Fatouros, D.G., Power, K., Kadir, O., Dekany, I., Yannopoulos, S.N., Bouropoulos, N.,
Bakandritsos, A., Antonijevic, M.D., Zouganelis, G.D., Roldo, M., 2011. Stabilisa-
tion of SWNTs by alkyl-sulfate chitosan derivatives of different molecular
weight: towards the preparation of hybrids with anticoagulant properties.
Nanoscale 3, 1218e1224.
Fichet, D., Radenac, G., Miramand, P., 1998. Experimental studies of impacts of
harbour sediments resuspension to marine invertebrates larvae: bioavailability
of Cd, Cu, Pb and Zn and toxicity. Mar. Pollut. Bull. 36, 509e518.
Gaggi, C., Sbrilli, G., Hasab El Naby, A.M., Bucci, M., Duchini, M., Bacci, E., 1994.
Toxicity and hazard ranking of s-triazine herbicides using Microtox®, two green
algal species and a marine crustacean. Environ. Toxicol. Chem. 14, 1065e1069.
Gambardella, C., Mesaric, T., Milivojevic, T., Sepcic, K., Gallus, L., Carbone, S.,
Ferrando, S., Faimali, M., 2014. Effects of selected metal oxide nanoparticles on
G. Libralato / Marine Environmental Research 101 (2014) 38e43 43Artemia salina larvae: evaluation of mortality and behavioural and biochemical
responses. Environ. Monit. Assess. 186, 4249e4259.
Gohar, Y.M., Barakat, K.M., Abu Yousef, M.A., Ghonam, H.B., 2013. Marine chitosan-
silver nano-particles as antibiotic synergizers against diabetic foot bacteria.
Arch. Clin. Microbiol. 4, 1e8.
Guerra, 2001. Ecotoxicological and chemical evaluation of phenolic compounds in
industrial efﬂuents. Chemosphere 44, 1737e1747.
Harwig, J., Scott, P.M., 1971. Brine shrimp (Artemia salina L.) larvae as a screening
system for fungal toxins. Appl. Microbiol. 21, 1011e1016.
Karthik, L., Kumar, G., Keswani, T., Bhattacharyya, A., Reddy, B.P., Rao, K.V.B., 2013.
Marine actinobacterial mediated gold nanoparticles synthesis and their anti-
malarial activity. Nanomedicine Nanotechnol. Biol. Med. 9, 951e960.
Kumar, P., Selvi, S.S., Praba, A.L., Selvaraj, M., Rani, L.M., Suganthi, P., Sarojini Devi, B.,
Govindaraju, M., 2012. Antibacterial activity and in-vitro cytotoxicity assay
against brine shrimp using silver nanoparticles synthesized from Sargassum
ilicifolium. Dig. J. Nanomater. Bios. 7 (4), 1447e1455.
Libralato, G., Losso, C., Volpi Ghirardini, A., 2007. Toxicity of untreated wood
leachates towards two saltwater organisms (Crassostrea gigas and Artemia
franciscana). J. Hazard. Mater. 144, 590e593.
Lovern, S.B., Klaper, R., 2006. Daphnia magna mortality when exposed to titanium
dioxide and fullerene (C60) nanoparticles. Environ. Toxicol. Chem. 25,
1132e1137.
Manfra, L., Savorelli, F., Pisapia, M., Magaletti, E., Cicero, A.M., 2012. Long-term lethal
toxicity test with the crustacean Artemia franciscana. JoVE 62, 2182e2185.
Michael, A.S., Thompson, C.G., Abramovitz, M., 1956. Artemia salina as a test or-
ganism for bioassay. Science 123, 464.
Migliore, L., Civitareale, C., Brambilla, G., Dojmi di Delupis, G., 1997. Toxicity of
several important anibiotics to Artemia. Water Res. 31, 1801e1806.
Minetto, D., Libralato, G., Volpi Ghirardini, A., 2014. Ecotoxicity of engineered
TiO2 nanoparticles to saltwater organisms: an overview. Environ. Int. 66,
18e27.
Nalecz-Jawecki, G., Grabinska-Sota, E., Narkiewicz, O., 2003. The toxicity of cationic
surfactants in four bioassays. Ecotoxicol. Environ. Saf. 54, 87e91.
Nascimento, A., Smith, D.H., Pereira, S.A., Sampaio de Araujo, M.M.,
Silva, M.M., Mariani, A.M., 2000. Integration of varying responses of
different organisms to water and sediment quality at sites impacted and
not impacted by the petroleum industry. Aquatic Ecosyst. Health Manag.
3, 449e458.
Nunes, B.S., Carvalho, F.D., Guilhermino, L.M., Van Stappen, G., 2006. Use of the
genus Artemia in ecotoxicity testing. Environ. Pollut. 144, 453e462.
Oberdorster, E., 2004. Manufactured nanomaterials (fullerenes, C60) induce oxida-
tive stress in the brain of juvenile largemouth bass. Environ. Health Perspect.
112, 1058e1062.
OECD, 2004. Daphnia spp. Immobilization Test. Organisation for Economic Co-
operation and Development (OECD). Guideline for the Testing of Chemicals
(Part 202).OECD, 2014. Ecotoxicology and Environmental Fate of Manufactured Nano-
materials: Test Guidelines. Expert Meeting Report. Series on the Safety of
Manufactured Nanomaterials No. 40. ENV/JM/MONO(2014)1.
Park, J.W., Henry, T.B., Menn, F.M., Compton, R.N., Sayler, G., 2010. No bioavailability
of 17a-ethinylestradiol when associated with nC60 aggregates during dietary
exposure in adult male zebraﬁsh (Danio rerio). Chemosphere 81, 1227e1232.
Persoone, G., Wells, P.G., 1987. Artemia in aquatic toxicology: a review. In:
Sorgellos, P., Bengstone, D.A., Decleir, W., Jasper, E. (Eds.), Artemia research and
its Applications, Morphology, Genetics, Strain, Characterisation, Toxicology, vol.
1. Universa Press, Wetteren, Belgium.
Persoone, G., Van de Vel, A., Van Steertegem, M., De Nayer, B., 1989. Predictive value
of laboratory tests with aquatic invertebrates: inﬂuence of experimental con-
ditions. Aquat. Toxicol. 14, 149e167.
Petrobras, 1996. Technical Standard NR-2594. Preparo de amostra para teste de
toxicidade, Rio de Janeiro, Brazil.
Pretti, C., Oliva, M., Pietro, R.D., Monni, G., Cevasco, G., Chiellini, F., Pomelli, C.,
Chiappe, C., 2014. Ecotoxicity of pristine graphene to marine organisms. Eco-
toxicol. Environ. Saf. 101, 138e145.
Rajasree, S.R.R., Kumar, V.G., Abraham, L.S., Manoharan, N., 2011. Assessment on the
toxicity of engineered nanoparticles on the life stages of marine aquatic
invertebrate Artemia salina. Int. J. Nanosci. 10, 1153e1159.
Sarabia, R., Varo, I., Torreblanca, A., Del Ramo, J.J., Pastor, A., Amat, F., Diaz-
Mayans, J., 1998. Accumulation of cadmium in several strains of Artemia. Cuad.
Investig. Biol. 20, 435e438.
Silva, A.C., Dezotti, M., Sant'Anna Jr., G.L., 2004. Treatment and detoxiﬁcation of a
sanitary landﬁll leachate. Chemosphere 55, 207e214.
Soares, A.M.V.M., Baird, D.J., Calow, P., 1992. Interclonal variation in the performance
of Daphnia magna straus in chronic bioassays. Environ. Toxicol. Chem. 11,
1477e1483.
Solis, P.N., Wright, C.W., Anderson, M.M., Gupta, M.P., Phillipson, J.D., 1993.
A microwell cytotoxicity assay using Artemia salina (Brine Shrimp). Planta
Medica 59, 250e252.
Sorgloos, P., Van der Wielen, C.R., Vitek, J., 1978. The use of Artemia Nauplii for
toxicity tests e a critical analysis. Ecotoxicol. Environ. Saf. 2, 249e255.
USEPA, 2002. Methods for Measuring the Acute Toxicity of Efﬂuents and Receiving
Waters to Freshwater and Marine Organisms, ﬁfth ed. EPA 821-R-02-012.
Vanhaecke, P., Persoone, G., 1981. Report on an Intercalibration Exercise on a Short-
term Standard Toxicity Test with Artemia Nauplii (ARC-test), vol. 106. Institut
National de la Sante et de la Recherche Medicale (INSERM), pp. 359e376.
Vanhaecke, P., Persoone, G., Claus, C., Sorgeloss, P., 1981. Proposal for a short-term
toxicity test with Artemia nauplii. Ecotoxicol. Environ. Saf. 5, 382e387.
Vijayan, S.R., Santhiyagu, P., Singamuthu, M., Kumari Ahila, N., Jayaraman, R.,
Ethiraj, K., 2014. Synthesis and characterization of silver and gold nanoparticles
using aqueous extract of seaweed, Turbinaria conoides, and their anti-
microfouling activity. Sci. World J. 2014 http://dx.doi.org/10.1155/2014/938272
article ID 938272.
